Rhizobitoxine produced by Bradyrhizobium species strongly prevented derepression of hydrogenase expression in free-living Bradyrhizobiumjaponicum, although the toxin had no effect on the activity of cells which had already synthesized hydrogenase protein. Dihydrorhizobitoxine, a structural analog of rhizobitoxine, proved to be a less potent inhibitor of hydrogenase derepression. Rhizobitoxine did not cause cell death at a concentration sufficient to eliminate hydrogenase expression. The large subunit of hydrogenase was not detectable with antibody after derepression in the presence of rhizobitoxine. The general pattern of proteins synthesized from 14C-labeled amino acids during derepression was not significantly different in the presence or absence of rhizobitoxine. These results indicated that rhizobitoxine inhibited hydrogenase synthesis in free-living B. japonicum. Cystathionine and methionine strongly prevented the inhibition of hydrogenase derepression by rhizobitoxine, suggesting that the inhibition involves the level of sulfur-containing amino acids in the cell.
14C-labeled amino acids during derepression was not significantly different in the presence or absence of rhizobitoxine. These results indicated that rhizobitoxine inhibited hydrogenase synthesis in free-living B. japonicum. Cystathionine and methionine strongly prevented the inhibition of hydrogenase derepression by rhizobitoxine, suggesting that the inhibition involves the level of sulfur-containing amino acids in the cell.
Rhizobitoxine (2-amino-4-(2-amino-3-hydropropoxy)-transbut-3-enoic acid) is a phytotoxin produced by some strains of Bradyrhizobium species (22) (23) (24) . Rhizobitoxine-producing strains of B. japonicum induce chlorosis in new leaves of soybean as a result of synthesis of the toxin in nodules (7, 9, 23) . In terms of biochemical and physiological functions, rhizobitoxine is known to inhibit P-cystathionase in the methionine biosynthetic pathway and ethylene formation (4, 11, 19, 22) . B. japonicum bacteroids possessing the hydrogen uptake (Hup) system are capable of ATP production by recycling H2 evolved from nitrogenase (2) . Free-living cells of B. japonicum can express hydrogenase activity (13) and are able to use H2 as the sole energy source for chemolithotrophic growth (5, 10) .
Adequate uptake hydrogenase activity in soybean bacteroids often increases plant growth, as well as the efficiency of energy utilization during nitrogen fixation (3) . In contrast, rhizobitoxine production in soybean bacteroids often causes abnormal growth of nodulated soybeans (6) .
In a recent survey of B. japonicum strains for the presence of uptake hydrogenase or rhizobitoxine production, no strain was found that exhibited both traits (15) . These findings suggested that there is a negative relationship between hydrogenase activity and rhizobitoxine-producing ability in bacteroids or free-living cells of B. japonicum. To examine this possibility, we used two different approaches. (i) The genetic relationship of Hup-positive and rhizobitoxine-producing strains of B. japonicum was examined, and (ii) the effect of rhizobitoxine on hydrogenase derepression was tested (15) . Among the strains tested, a good correlation was found between sequence divergence in and around the nifDKE genes, rhizobitoxine production, Hup phenotype, and extracellular polysaccharide composition (16, 16a) . The sequence divergence in and around nifDKE clearly divided B. japonicum strains into two different groups, designated genotypes I and II. Genotype I strains produced no rhizobitoxine and an extracellular polysaccharide composed of glucose, mannose, galactose, 4-0-methylgalactose, and galacturonic acid, whereas genotype II strains produced rhizobitoxine and an extracellular polysaccharide composed of * Corresponding author.
rhamnose and 4-0-methylglucuronic acid. Hup-positive strains, possessing the hup structural genes, were confined exclusively to genotype I. Therefore, it was demonstrated that Hup-positive and rhizobitoxine-producing strains fall into two separate evolutionary lines, which explains the absence of strains that exhibit both hydrogen uptake ability and rhizobitoxine production.
Nevertheless, the lack of hydrogenase activity was also observed when free-living Hup+ cells of B. japonicum were derepressed for hydrogenase in the presence of rhizobitoxine (15) . In this work, we report the effect of rhizobitoxine on the activity and synthesis of hydrogenase in free-living B. japonicum. Rhizobitoxin had no effect on hydrogenase activity but inhibited derepression of hydrogenase. (14) . Other reagents were special-grade products from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). '4C-labeled amino acids with a specific activity of 50 ,uCi/mmol were purchased from Amersham Japan Ltd. (Tokyo, Japan).
MATERIALS AND METHODS
Hydrogenase derepression. B. japonicum USDA 122 was derepressed for hydrogenase as described by Maier et al. (12, 13) . Approximately 0.2 ml of an exponential liquid culture (YEM medium) was distributed over the surface of H2-uptake agar medium (12) . After 5 days of growth at 30°C in air, the cells were washed off the agar with magnesiumphosphate buffer (0.05 M potassium phosphate, 2.5 mM MgCl2), the pH of which was adjusted to 6.0 unless otherwise indicated. The cells were centrifuged aseptically at 8,000 x g for 10 min and resuspended in the magnesiumphosphate buffer to a density of 6 x 108 cells per ml. Samples (5 ml) of the cell suspensions were transferred aseptically to a 33-or 122-ml sterile bottle to achieve gas/liquid ratios of 5.6 and 23.4, respectively. The bottles were then sealed with sterile rubber stoppers and flushed with N2. Sufficient 12, C02, and air were added to each bottle to obtain an atmosphere composed of 84% N2, 10% H2, 5% C02, and 1% 02-The derepression bottles were incubated at 26°C at a shaking speed of 106 cycles/min. Various inhibitors and nitrogen sources as indicated were added to the cell suspensions at the start of derepressing conditions unless otherwise indicated. When cells were to be labeled, 2 pLCi (per 5 ml of cells) of 14C-labeled amino acids was added 6 h after derepressing conditions to eliminate labeling preexisting stable messages or polypeptides that existed before derepression. At the end of the derepression period, the cells were broken in SDS sample buffer for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Hydrogenase assays. The cell suspensions were sparged with N2 to remove excess H2 and tested for hydrogenase activity in a 1.2-ml amperometrit chamber (27) in the presence of adequate 02 (>20 p.M).
Protein determination. Cells were removed from the suspension by centrifugation (15 ,000 x g, 5 min). The pellet obtained was digested with 3% NaOH, and protein was determined by the method of Stickland (25) , using bovine serum albumin as a standard.
Determnation of rhizbitoxine concentration. The concentration of rhizobitoxine was measured with an amnino acid analyzer (14) . The cell suspensions were centrifuged at 15,000 x g for 5 min. Aliquots of the supernatant were passed through a column (0.6 by 4 cm) of Dowex 50 resin (50/100 mesh) in the H+ form. The column was washed with distilled water and eluted with 5 bed volumes of 2 M NH40H. The eluate fraction was evaporated to dryness and dissolved in dilution buffer (14) .
Determination of 02 tension. The 02 tension in the gas phase of the derepression bottles was measured by gas chromatography (Shimadzu GC-7A gas chromatograph) with a thermal conductivity detector and a column (3 mm by 2.0 m) containing Molecular Sieve 5A (80/100 mesh).
Cell viability. Cells were assayed for viability by serial dilution in 0.85% saline and plating on YEM agar medium.
Gel electrphoresis. The discontinuous PAGE system described by Laemmli (8) Aminoethoxyvinyl glycine (L-2-amino4-(2-aminoethoxy) trans-3-butenoic acid), an ethoxy analog of rhizobitoxine (11) , had no inhibitory effect on hydrogenase derepression (data not shown).
To investigate whether rhizobitoxine inhibits hydrogenase activity, we added rhizobitoxine to cell suspensions at the beginning of hydrogenase derepression (Fig. 1) cessation in the increase of hydrogenase activity within 4 h. In contrast, the activity of control cells continued to increase at a rapid rate until 26 h. This result suggested that rhizobitoxine did not have any effect on the activity of synthesized hydrogenase protein but affected the derepression of hydrogenase.
To examine whether rhizobitoxine caused cell death, we plated cells for viability after treatment with increasing concentration of rhizobitoxine (Fig. 2) . Cell viability at the end of derepression did not decrease even in the presence of 100 ,uM of rhizobitoxine, indicating that the toxin did not cause cell death at concentrations sufficient to eliminate hydrogenase activity. Recently, the expression of hydrogenase activity in B. japonicum was reported to be influenced by pH in the cell suspensions and P02 in the gas phase after the addition of carbon substrates (1) . To test whether added rhizobitoxine caused changes of pH or P02, we measured these parameters after the addition of increasing concentrations of rhizobitoxine (Table 2) . Rhizobitoxine concentrations in the cell suspensions did not change greatly during the derepression period. Moreover, pH in the cell suspension and P02 of the gas phase did not vary as a result of rhizobitoxine additions. Thus, added rhizobitoxine apparently was not consumed by the cells as a substrate. These results indicated that the inhibition of hydrogenase derepression was not due to cell death, pH, or 02 tension. Protein synthesis. To examine the effect of rhizobitoxine on protein synthesis, we labeled cells with a -'C'amino acid mixture in the presence of rhizobitoxine or chloramphenicol during derepression. Hydrogenase activity was not detected in cells derepressed in the presence of rhizobitoxine or chloramphenicol, whereas the hydrogenase activity of control cells was 2.8 ,umol/h per mg of protein.
SDS-PAGE of proteins from rhizobitoxine-or chloramphenicol-treated cells showed no difference when stained by Coomassie brilliant blue (Fig. 3A) . Moreover, SDS-PAGE of "4Cdlabeled proteins clearly showed that rhizobitoxine did not affect the general pattern of labeling (Fig. 3B) . When compared with labeled proteins from control cells, only a single band (Fig. 310, lane 1, arrowhead) seemed to disappear upon addition of rhizobitoxine. This band may correspond to the subunit of hydrogenase. This indicated that general protein synthesis continued normally in the presence of rhizobitoxine. When chloramphenicol was added during derepression, there was little or no 14C labeling of proteins (Fig. 3B, lane 3) . These results clearly indicate that the effect of rhizobitoxine on hydrogenase derepression is specific and not related to a general reduction in protein synthesis. Western blotting of proteins after derepression showed that the 65-kilodalton subunit of hydrogenase was not synthesized in the presence of rhizobitoxine (Fig. 4) . These results agreed with the data obtained from amperometric assays of hydrogenase activity.
Effectsgof nitrogen compounds. Rhizobitoxine has been reported to be a potent inhibitor of 5-cystathionase in the methionine biosynthetic pathway (4, 19) . Thus, we investigated the effects of nitrogen compounds, including cystathionine and7methionine, on the inhibition of hydrogenase derepression by rhizobitoxine. Addition of any of the nitrogen compounds tested reduced the inhibition of hydrogenase derepression by rhizobitoxine (Table 3 ). These effects of nitrogen compounds were not due to changes in pH or P02, since these were unaltered at the end of the derepression period (data not shown). Among nitrogen compounds tested, the sulfur-containing amino acids (cystathionine and methionine) completely relieved the inhibitory effect of rhizobitoxine on hydrogenase derepression. These results suggest that sulfur-containing amino acids are involved in the inhibition of hydrogenase derepression by rhizobitoxine. DISCUSSION The results clearly demonstrated that rhizobitoxine inhibits hydrogenase synthesis in free-living B.japonicum. Novak and Maier (17, 18) reported that DNA gyrase inhibitors, such as novobiocin and coumermycin, specifically prevent expression of hydrogenase in B. japonicum. They suggested that gyrase activity, which controls the tertiary structure of The extent of rhizobitoxine inhibition of hydrogenase derepression decreased when nitrogen compounds were added (Table 3 ), suggesting that rhizobitoxine did not directly repress hup gene expression. Among the nitrogen compounds tested, cystathionine and methionine strongly prevented the inhibition of hydrogenase derepression by rhizobitoxine. In terms of biochemical function, rhizobitoxine is a potent inhibitor of P-cystathionase, which catalyzes the cleavage of cystathionine to form homocysteine and pyruvate during the process of methionine biosynthesis (19) . Therefore, it is suggested that cystathionine and rhizobitoxine compete for a site of ,B-cystathionase and that this inhibition is due to a decrease in the level of methionine or its later metabolites such as S-adenosylmethionine. The hydrogenase of B. japonicum is an iron-sulfur protein (3) which may be involved in this phenomenon.
Previous hybridization experiments showed that rhizobitoxine-producing strains of B.japonicum apparently lack the structural genes for hydrogenase (16a) . The inhibitory effect of rhizobitoxine on hydrogenase expression likely accounts for selective pressure for the absence of the hup genes in these bacteria.
